To investigate the effects of current density and pH of the solution on the lightness and surface morphology of Ni deposit, Ni electrodeposition was performed at a current density of 100 to 500 A·m ¹2 and 7.2 © 10 5 C·m ¹2 of charge, in an unagitated chloride solution with pH 1 to 3, at 333 K. The composition and structure of the surface of deposits were analyzed by radio frequency glow discharge optical emission spectroscopy and three-dimensional scanning electron microscope (3D-SEM). The lightness of the Ni deposit decreased with increasing pH, and was also related to the current density with the minimum reached at 300 A·m ¹2 . The concentration of the surface oxygen in the deposits increased with pH, with the highest value obtained at 300 A·m
Introduction
Metallic Ni is produced by an electrowinning technique, which possesses a high operating efficiency and productivity. 16) Ni electrowinning is performed from sulfate and chloride solutions. Comparing these solutions, the electrical conductivity and diffusion limiting current density are higher in chloride solutions than those in sulfate, therefore using a chloride solution is advantageous to electrolysis at high current density.
Numerous studies have been performed on Ni electrodeposition from chloride solutions, and the tensile strength, ductility, hardness, and stress of the Ni deposit have been reported. 710) However, there have been very few studies on Ni electrowinning from chloride solutions. The color of the Ni deposit is expected to change depending on the surface texture, codeposition of impurities, surface oxidation, and the effects of the presence of electrolyte. When the color of Ni deposit disperses, a deterioration in the quality of deposits is often blamed. Therefore, the stability of the color of deposits is required. The color and surface texture of Ni deposit from electrowinning solution is expected to depend on various electrolysis factors. This study uses the lightness to evaluate color, and the effects of current density and pH of the solution on the lightness and surface texture was investigated. The lightness depends on the composition and microstructure of the surface of deposit. Therefore, a composition analysis by radio frequency glow discharge optical emission spectroscopy (rf-GDOES) and structure analysis by three-dimensional scanning electron microscopy (3D-SEM) were performed to quantitatively evaluate the composition and microstructure of the deposit's surface. Table 1 shows the solution composition and electrolysis conditions for Ni electrowinning. The electrolytic solution was prepared by dissolving fixed amounts of high-grade NiCl 2 ·6H 2 O (1.47 mol·dm ¹3 ) in distilled deionized water. The pH was adjusted to 1, 2, and 3 with hydrochloric acid. Titanium sheets measuring 4 © 5 cm 2 ; with the back side sealed with epoxy resin, and dimensionally stable electrode mesh were used as the cathode and anode, respectively. Prior to electrodeposition, the cathode was immersed in 48% sulfuric solution at 363 K for 15 min to improve the adhesion of Ni deposit. The electrodeposition was conducted in 1.0 dm ¹3 of unagitated solution at 333 K under galvanostatic (100, 300, 500 A·m ¹2 ) conditions for a constant charge of 7.2 © 10 5 C·m ¹2 . For general deposition, the electrolyte is agitated to make the solution composition and current density distribution uniform and to decrease the thickness of the diffusion layer of Ni 2+ ions. However, in this study, the deposition was performed in unagitated solutions so the electrolyte is only circulated in the electrolysis tank during the actual electrowinning, and as a result, is almost quiescent at the cathode surface. The deposits were photographed with a digital camera and the lightness was measured by the 0-d method (JIS-Z-8722, for diffuse illumination/0°viewing angle), using a colorimeter (CM-512 m3; Konica Minolta Co.). The morphology of the Ni deposit was observed by SEM. The crystal orientation of the Ni deposit was determined using the method introduced by Wilson and Rogers 11, 12) by comparing the X-ray diffraction intensity at 111 to the 222 reflection. The concentration of oxygen in the Ni deposit surface was evaluated by rf-GDOES under the following analysis conditions: diameter of 2 mm º, argon pressure of 600 Pa, pulse frequency of 2000 Hz, and duty cycle of 0.125. The surface roughness of Ni was quantified by center line average roughness R a (JIS-B-0601), using a SURFCOM1500DX-3DF (Tokyo Seimitsu Co.). Then, by the electron beam 3D roughness analysis device ERA-8900 (ELIONIX INC.), 3D images of Ni deposit were obtained. Using the 3D images, the deposits were analyzed every 200 nm parallel to x-y plane from the surface to the bottom, and the number and area of deposits present on the cutting plane of 3D images were measured.
Experimental Procedure

Results and Discussion
Effect of electrolysis conditions on the lightness of
the Ni deposit Figure 1 shows the surface appearance of Ni deposit at various current densities and pH values. Comparing Ni deposit at the same current density, the surface became black with increasing pH of the solution. Comparing Ni deposit at the same pH, the surface was most black at 300 A·m ¹2 . The edge of Ni deposit at 500 A·m ¹2 , in the solution at pH 1, became white compared to the center area. This seems to be caused by an increase in the current density at the edge. In Ni deposit at pH 2, the spots resulting from hydrogen foam were observed over the entire surface regardless of current density. Figure 2 shows the lightness of the Ni deposit at various current densities and pH values. The lightness of the Ni deposit significantly decreased with increasing pH regardless of the current density. Comparing Ni deposit at the same pH, the lightness was smallest at 300 A·m ¹2 in solutions of all pH values. The effects of pH and current density on the lightness of the Ni deposit correspond to the effects on the surface appearance shown in Fig. 1 .
Effect of electrolysis conditions on the morphology
of the Ni deposit Figure 3 shows the SEM images of Ni deposit at 100 A·m ¹2 from a solution with pH 2. In SEM image (a) with low magnification, several micrometers of granular crystals and also several tens of micrometers of mound formed by pyramidal microcrystals were observed. In SEM image (b) with high magnification, it was found that several micrometers of granular crystals had the polygonal pyramidal shapes and were random in size. The Ni deposit was composed of two structural units namely several micrometers of the polygonal pyramidal crystals and also mound formed by pyramidal microcrystals. This trend was observed in Ni deposited at other current densities and pH values. Figure 4 shows the SEM images of Ni deposit at 300 A·m ¹2 in solutions with various pH values. The crystal size of the polygonal pyramidal shapes of the Ni deposit decreased with increasing pH. The number of fine crystals between the polygonal pyramidal crystals increased with pH. Figure 5 shows the SEM images of the Ni deposit at various current densities from a solution with pH 2. The size of the polygonal pyramidal crystals of the Ni deposit was almost constant regardless of the current density. However, with increasing current density, small platelet crystals were stacked between the large polygonal pyramidal crystals.
As shown in Fig. 1 , the edge of the Ni deposit at 500 A·m ¹2 from a solution of pH 1 became white compared with the center area. Therefore, the surfaces of the edge and center were observed by SEM, as shown in Fig. 6 . Both the edge (a) and center (b) were composed of several tens of micrometers of mound formed by the several micrometers of granular crystals aggregation, but the edge was smoother than the center. As a result, the edge seems to become white compared with the center area. Figure 7 shows the crystal orientation of the Ni deposit at various current densities and pH values. Although the preferred orientation of Ni deposit from the solution with pH 1 was the {110} plane, the orientation of {110} plane decreased with increasing current density and the deposits tended towards an unoriented dispersed-type texture without the preferred orientation of a specific plane. The orientation index of {110} and {111} planes of the Ni deposited from the solutions with pH 2 and 3 was somewhat larger than 1.0, but the deposits obtained at all the current densities were close to an unoriented dispersed-type texture. In general metal deposition, the crystal orientation of the deposits are known to become an unoriented dispersed-type with increasing overpotential for deposition. 13) In this study, Ni deposit from the solution with pH 1 approached an unoriented dispersedtype with increasing current density or overpotential for deposition. However, the Ni deposit from the solutions with pH 2 and 3 were close to an unoriented dispersed-type, regardless of the current density.
Effect of the electrolysis conditions on the oxygen
concentration of the surface of the Ni deposit Figure 8 shows the rf-GDOES depth profile of the Ni deposit at 300 A·m ¹2 from a solution with pH 2. The thickness of the deposited Ni was approximately 20 µm, and the Ti concentration of the substrate increased abruptly at a depth of above 20 µm. Considering oxygen, this was detected at the surface of the deposits and at the interface between the deposits and the Ti substrate. The oxygen at the surface of the deposits seems to derive from NiO or Ni(OH) 2 . Therefore, the effect of electrolysis conditions on the rf-GDOES depth profile of oxygen at the surface of the deposits was investigated. By the way, the concentration of oxygen was a bit high at the boundary between the Ni deposit and Ti substrate although the substrate was immersed in 48% sulfuric solution at 363 K for 15 min prior to Ni deposition. This seems to be caused by the natural oxidation 14) of Ti substrate because the adhesion of Ni deposit was partially poor. Figure 9 shows the rf-GDOES depth profiles of oxygen at the surface of Ni deposit at various current densities and pH values. The oxygen concentration at the surface of Ni deposited at 100 and 500 A·m ¹2 increased with pH. The oxygen concentration at the outermost surface of Ni deposit at 300 A·m ¹2 hardly depended on the pH at all, but the oxygen concentration at a depth of 2 µm from the surface increased with pH. From these results, it is concluded that, in general, the oxygen at the surface of the Ni deposit increases with pH. Figure 10 shows the rf-GDOES depth profiles of oxygen at the surface of Ni deposit at various current densities and pH values. The oxygen concentration at the surface of Ni deposit in solutions with pH 1 and 2 was highest for deposits at 300 A·m
¹2
. In the solution with pH 3, the oxygen concentration at the outermost surface of Ni deposit at 300 A·m ¹2 was lower than those at 100 and 500 A·m ¹2 , but the oxygen concentration at 300 A·m ¹2 was highest at a depth of 2 µm from the surface. That is, the oxygen concentration of Ni deposit at 300 A·m ¹2 was highest at the surface for deposition from solutions with pH 1 and 2 and at a depth of 2 µm from the surface for pH 3.
As shown in Fig. 2 , the lightness of the Ni deposit decreases with increasing pH and is lowest at 300 A·m ¹2 . This lightness corresponds to the oxygen concentration in the Ni deposit at the surface, as shown in Figs. 9 and 10. That is, the lightness of Ni deposit decreases with increasing oxygen concentration in the Ni surface. It has been reported that Ni deposition from chloride solutions proceeds through the reactions denoted by (1), (2) , and (3) below: NiCl þ þ e ! NiCl ad rate-determining step ð2Þ
Since the hydrogen evolution reactions denoted by (4) and (5) occur simultaneously with the reactions (1), (2) , and (3), the pH of the cathode layer rises. In chloride solutions, pH is easy to raise due to there being no buffering action unlike the case in sulfate solutions.
When the pH of the cathode layer rises, Ni(OH) 2 is formed by reaction (6) and seems to partially remain at the surface of deposits.
Since the hydrolysis reaction of Ni 2+ proceeds readily with increasing pH of the solution, the quantity of Ni(OH) 2 formed and its incorporation into the deposit's surface seems to increase with pH. The size of the polygonal pyramid crystals of Ni deposit decreases with increasing pH of the solution, as shown in Fig. 4 , which suggests that the Ni(OH) 2 formed in the cathode layer suppresses the crystal growth of the Ni deposit. On the other hand, with increasing current density, the quantity of Ni(OH) 2 formed increases due to an increase in the rate of hydrogen evolution in reactions (4) and (5). However, with increasing current density, the rate of reduction of Ni(OH) 2 to Ni increases. As a result, Ni(OH) 2 remains mostly in the cathode layer at 300 A·m
, and seems to be incorporated into deposits.
As mentioned above, there was a relationship between the lightness and surface oxygen concentration of the Ni deposit, but the lightness of deposits is expected to more significantly depend on the surface microstructure, as shown in Fig. 6 . Therefore, the surface structure of the Ni deposit was analyzed by 3D-SEM. Figure 11 shows the surface roughness and lightness of Ni deposit at various current densities and pH values. No particular correlation between the surface roughness and lightness was observed. In general metal deposition, it has been reported that the lightness of deposits increases with decreasing surface roughness.
Surface analysis of Ni deposit by 3D-SEM
1618) However, this study does not observe the correlation.
The Ni deposit in this study was composed of two structural units namely several micrometers of polygonal pyramids and the mound formed by the pyramidal microcrystals as shown in Fig. 3 . Since the two structural units should be separated to evaluate the structure of deposits, 3D analysis of surface roughness was performed by 3D-SEM. Figure 12 shows the technique used for 3D surface analysis. The depth direction from the deposit's surface is the z-axis, and the cross section of the depth direction is the y-z plane. The deposits were cut from the top of y-z plane or the outermost surface of the deposit in the depth direction every 200 nm, and the number and area ratio of deposits present in the x-y cutting plane were measured. The deposits are cut at 1, 2, and 3 in the y-z plane, and the number and area of deposits present on the x-y cutting plane are schematically shown in black in Fig. 12 . The number of deposits changes depending on the depth from the surface, while the area ratio of deposits increases with depth. Figure 13 shows the number and area ratio of deposits present on each cutting plane from the outermost surface in the depth direction of Ni deposit under various conditions. The number of deposits on the cutting plane correlated with the area ratio in the vicinity of the surface, which shows that the evaluation of the number of deposits is valid in analyzing the surface structure. The area ratio of deposits on the cutting plane gradually increased with the depth from the surface, and the degree of increase was more gentle in Ni (a), (b), (c) deposit at pH 1, which possessed greater lightness than that (d) at pH 3. Comparing deposits obtained at pH 1, the degree of increase in the area ratio on the cutting plane was gentler at the edge (b), which possessed greater lightness than at the center (a). On the other hand, paying attention to the number of deposits on each cutting plane, the deposits (a), (c), (d), but not edge (b), show a peak in the number of deposits, and the stable region showing the high deposit number was observed in these peak areas. The length of the stable region with high deposit number was defined as the upper side, and the length of the region in which the extrapolation value of linear decrease in number of deposits around the upper side becomes to zero was defined as the base, as shown in Fig. 14. The length from the bottom of the deposits to the base was defined as the shift value. Considering Fig. 13 based on these definitions, the shift value was larger in Ni (a), (c) deposit at pH 1, which possessed higher lightness than that (d) at pH 3. It was confirmed that the upper side of the deposits obtained at various current densities was generally larger in deposits of high lightness at pH 1 than that at pH 3. Figure 15 shows the arbitrary schematic diagrams of the cross sections of deposits and the profiles of the number of deposits on the cutting plane in the depth direction derived from the schematic diagrams. As shown in the schematic diagrams, the surface of the Ni deposit is composed of In the profiles of the number of deposits on the cutting plane in the depth direction, the difference in shape of profile among the deposits can not be explained without the consideration of mound structure. The number of deposits on the cutting plane mainly depends on the number of polygonal pyramids crystals, but the shape of the profile seems to depend on the morphology of the mound. The shift value is the parameter showing that the area of deposits present on the cutting plane is mainly occupied by the mound under the polygonal pyramids crystals. 19) The upper side is the parameter showing that the number of polygonal pyramids crystals newly counted as the deposits on the cutting plane is almost identical with that the number of polygonal pyramids crystals already counted as the deposits decreases because the cutting plain reaches to the mound. 19 ) Figure 16 shows the effect of shift value, upper side, and base on the lightness of Ni deposit at various current densities and pH values. The lightness of the Ni deposit increased with shift value and the ratio of upper side to base. In particular, there is a positive and more linear correlation between the lightness and the sum of shift value and upper side.
Because the rightness of deposit generally depends on the surface roughness, the lightness of Ni deposit in this study seems to directly depend on the shape of the smaller sized structural unit or the polygonal pyramids crystals. 18) However, the roughness profile of the polygonal pyramids crystals is supposed to be affected significantly by the shape of the larger sized structural unit or mound shapes in this study. Comparing the roughness of the polygonal pyramids crystals on the larger mound with that on the smaller mound, the relative height of the polygonal pyramids crystals may be assumed to be smaller on the larger mound such as model A in Fig. 15 than on the smaller mound such as model B. 19) That is, the increase in size of the mound seems to cause the decrease in the relative height of the polygonal pyramids crystals, which resulted in increase in the lightness of Ni deposit. 19) Then, the profiles of (a) and (c) in Fig. 13 correspond to the model A in Fig. 15 , and the profile of (d) corresponds to the model B. The lightness of deposits having the profiles of (a) and (c) in Fig. 13 was higher than that of the deposit having the profile of (d). 19) As mentioned above, it was found that the lightness and surface structure of Ni deposit from chloride electrowinning solution depend on the current density and pH of the solution. Since the lightness and surface structure of the Ni deposit are expected to change depending on the temperature, Ni 2+ concentration and any impurities in the solution, further study is required in future.
Conclusion
To investigate the effect of current density and pH of the solution on the lightness and surface morphology of Ni deposit from chloride electrowinning solution, the composition and structure of the surface of the deposits were analyzed by rf-GDOES and 3D-SEM. The lightness of the Ni deposit decreased with increasing pH of the solution, with the minimum at pH 3 and current density 300 A·m ¹2 . The concentration of the surface oxygen of the deposits increased with pH, and also reached its highest value at 300 A·m ¹2 , which shows that it is the surface oxygen in the deposits, which causes the decrease in lightness. On the other hand, the surface of the Ni deposit was composed of both several micrometers of pyramidal microcrystals and the mound formed by the aggregation of pyramidal microcrystals. To separate these two structural units, the deposits were cut every 200 nm from the top in the depth direction, studied by 3D-SEM, and the number and area ratio of deposits in the cutting plane were measured; as a result, it was found that the lightness of the Ni deposit depended on the surface structure. To conclude, the lightness of the Ni deposit seems to depend on both the surface oxygen content and the microstructure of the deposits. 
